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ABSTRACT 
The Objective of this research was to develop a method to 
measure the thickness of dynamically varying, high temperature 
and pressure liquid films in two-phase flow studies. A method 
using impedance probes was developed for this purpose. The probes 
could be operated in two modes, depending on specific electrical 
resistivity of the film: the capacitive mode lends itself to 
measurements with liquid film of high electrical resistivity, 
the conductive mode lends itself to measurements with fluids of 
finite conductivity. The combined capability permits the use o~ 
such probes for films over wide range of liquid resistivities. 
To test the probes, both bench scale tests at Lehigh University 
and larger scale tests at Idaho National Engineering Laboratory 
(ImlL) were. carried out •. Data for the bench scale tests were 
obtained from a test section using a glass piston to adjust film 
thickness with micrometer traverse. The test section was operated 
in a high temperature and pressure water loop built for this 
purpose. The test conditions covered a film electrical resistivity 
of 14kn-cm to 400Y~-cm, and a film temperature range of 20°0 to 170°C. 
The TiiEL tests were carried out in a chamber simulating the 
fuel rod bundle in a nuclear reactor core. 
Results showed good self-consistency. The probes were capable 
of measuring film thickness from 0.8mm to 0.5cm in both bounded and 
+ free surface films with a precision of- o.oamm. 
1 
INTRODUCTION 
Many two phase processes involve the transport of heat or of 
mass across a flowing thin liquid film. One may cite film 
evaporators, condensers, steam generators, light-water nuclear 
reactor~ and some desalination processes as examples. In most of 
these applications, the thickness of the liquid film layer is the 
single most important parameter affecting the process operation. 
It is often desirable to measure liquid film thickness where (i) 
the geometry is complex and access is limited, (ii) film thickness 
time history is required (dynamic information), (iii) the working 
fluid may be electrically non-conductive and possibly immiscible 
with dyestuff, wetting agent or radioactive tracer, (iv) film thick-
ness may vary over a wide range (e.g., from 0.7 mm up to 0.5 em), 
(v) film temperature and pressure is high. 
Since accurate measurements of thin film is not an easy task, 
many alternative methods have been proposed [1-2~. However, there 
is no ideal all-embracing method that can satisfy all above require-
menta. 
The conductance probe method is perhaps most widely used. Yet 
it is not applicable to electrically non-conductive fluid when used 
alone, in spite of its advantage of simplicity and convenience in 
complex geometry. Telles [1) , Wicks [2] , Chu and Dukler [~ 
Telles and Dukler [4) , Chu and Dukler [51 developed and modified 
2 
·addition; high temperature film was not attempted. 
Fluorescene spectrometer method [15) and light absorption 
method [16] [17] were unsuitable for measurements in complex 
geometry. A dyestuff had to be added to the circulating fluid. 
Likewi~e, radioactive absorption andemission method [18], [19] 
required a tracer injection such as salt or manganese-52 for 
radioactive emission. Furthermore in order to get a good count-
ing statistics, it was necessary to count over a considerable 
pe~iod. Thus it was not normally good for time variation measure-
ments. 
Unlike the above methods, the photographic .and shadowgraph 
method [20] had the advantage that they did not interfere with 
the hydrodynamics of the liquid film. No dyestuff·, tracer or 
electrolyte. was required. However, it was limited to easily 
accessed geometry. 
Physical methods such as hold up measurement [2U , weighing 
method [22] and needle contact method [23] all provided only 
time and space average information. Besides they either inter-
fered with flow field (needle contact method) or cannot account 
for force of liquid impinging on the balance (weighing method), 
which rendered error in the measurement. All these existing 
methods have limitation which restrict their general applicability. 
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a series of conductance probes that can measure thin, wavy films 
up to an accuracy of 0.0254 em on flat or tubular walls. Film 
thickness was calibrated by different sizes plastic inserts and 
salinity was continuously monitered by a conductivity cell. Yfuile 
capable of providing accuracy and local information of film in 
complex geometry, the sensor did not work at low electrical 
resistivity. Van Rossum [6] and the research teams at Harwell, 
England [7] [8] [9] .. [101 and Chalk River, Canada [11] had also 
attempted the conductance probe method. Ambiguity in calibration 
was. reported and sensitivity to large film thickness was limited 
(sensitive only up to 0.2 em film). Furthermore, it gave a space 
average over a somewhat ill-defined region. 
Capacitance probe method, on the contrary, is applicable only 
to nonconductive or slightly conductive fluid. In addition, it 
requires a well defined geometry to avoid parasitic effect of 
neighboring material. Capacitance probe developed by Dukler and 
Berge lin [12] , and Portalski 0. 3} suffered from calibration 
problem. A condenser was formed by the combination of the wetted 
surface and a very small probe facing it. Calibration was done 
by assuming the fluid was as conductive as the plate under the film. 
More recently, Ozgu, Chen and Eberhardt [141 developed a capacitance 
method that can accurately measure local, time varying film 
thickness in complex geometry. Yet it worlk:ed only in either 
electrically nonconductive or slightly eonduct'ive fluids. In 
The objective of the work described in this thesis was to 
develop a method of measuring film thickness which eliminates 
the drawbacks of the earlier techniques. 
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EXPERIMENTAL APPARATUS 
The experimental apparatus -~s schematically depicted in 
figure 1. The apparatus consisted of five main sections, namely, 
(1) primary flow supply system, (2) heat generation section, (3) 
electrical resistivity regulating system, (4) test chamber and (5) 
film thickness measurement probes. All components were sized to. 
0 
a maximum working pressure of 792.897 KPa and temperature of 170 C. 
PRIMARY FLOW SUPPLY SYSTEM 
The flow was driven by a high temperature centrifugal pump. 
The pressure vessel was constructed above the pump so as to create 
both a better suction head and a flood section to prime the pump 
prior to start up of each test run. During start up, the flow 
was accelerated by the pump and throttled into th~ test section 
via a slow opening V-stem gate valve. The flow rate was measured 
by an inline turbine flow meter just before entering the test 
section. The flow then looped back into the pressure vessel. 
The flow was regulated by (a) throttle valve (b) by-pass 
valve {c) test section shut off check valve. The throttle valve 
provided a direct control over the flow rate at the test section. 
The by-pass valve insured the pump to run against a head within 
the pump capacity. When flow diminished at the test section the 
by-pass valve was shut off. The check valve prevented back flow 
6 
into the test section during high pressure runs. It also permited 
isolation of test section for change of probes. 
The flow in this closed loop system was carried by properly 
bent 316 stainless steel tubing with stainless steel fittings. 
This assured compatibility as thermal expansion occured. Pressure 
drop due to valves, piping and fittings was estimated to be 
86.645-KPa which was below the rated pump head of 134.45 KPa: at 
rated flow of 3.1545 x 10-4 x m3/s. (See Appendix C) 
The specifications and ratings of each of the above components 
Pressure Vessel 
Material 
Height 
Inside diameter 
Wall thickness 
Design temperature 
Design pressure 
Manufacturer 
Type 
Material 
lllotor 
H.P. 
Pressure head 
Temperature rating 
Pressure rating 
Manufacturer 
Model 
Type 304 stainless steel 
1.143 m (dish end to dish end) 
0.9906 m (otherwise) 
0.1292 m 
0.6604 em 
232°C 
689.48 KPa + full vacuum 
Penn. Separator Co. 
Seriel II 00728 
ASME Code Division 1 
Pump 
Centrifugal (open type impellers) 
Bronze, 316 s.s. 
TEFC, with type 9 Teflon/ceramic 
seal 
0.149 kilowatt 
134.45 KPa at 3.1545 x 10 x m /s 
260°C 
1034.21 KPa 
Eastern Pump Co. 
DH-11 
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Type 
Maximum flow rate 
Accuracy 
Manufacturer 
Flow Meter 
Turbine flow meter 
2.201& x 10 x m /s 
1% of full scale 
Brooks Instrumentation Co. 
Regulating Valves 
(Throttle, Bypass) 
Type 
Material 
Pressure rating 
Temperature rating 
Seal 
Manufacturer 
Model 
Type 
Material 
O.D. 
Wall thickness 
Pressure rating 
Temperature rating 
Manufacturer 
Needle regulating W/V stem 
303 s.s. 
20684 KPa at 21.11°C 
232°0 
Viton 0 Ring 
Whitey 
SS-1RM6 
Tubing 
Seamless 
316 s.s. 
9. 525 mm 
0.7747 mm 
689~.8 KPa 
427 c 
Bloomsburg Tubing Co. 
Connectors 
(Females & males connectors tees,elbows) 
Type 
Material 
Pressure rating 
Temperature rating 
Manufacturer 
HEAT GENERATION SECTION 
Compression fittings 
316 s.s. 
6894.8 KPa 
371°C minimum 
Swagelok Co. 
0 The 170 C temperature of the working fluid was achieved by 
a 5.5 kw electrical resistive heater inserted into the pressure 
vessel. The heat generation from the heater was monitered by a 
power switch which in turn was controlled by a proportioning~ 
temperature controller. A temperature point was set on the 
8 
controller. As soon as the temperature of the system reached 
the set temperature, the controller threw the power switch off. 
The pressure vessel and tubing wac thermally insulated with 
fibre glass insulation. The heat loss (fluid at rest '.or flowing) 
was estimated and the time to achieve steady state was f~v~ hours. 
Safety features were installed to prevent the possibility of 
accident · caus·ea... ;, by the high partial vapor pressure (792.897 KPa 
saturated pressure) built up from the 170°C temperature. A safety 
relief valve would actuate at a set pressure in case of a surge 
exceeding the desired pressure. A vent was built at the highest 
point of the system to bleed excess vapor trapped. A drain was 
connected at the lowest point of the system to dump undesired 
liquid. A sirrht glass was hooked across the tank to insure the 
heater was immersed in liquid in order to avoid burnout. Pressure 
eage was connected to the tank to serve as a first alarm of system 
over-pressure. The following components were used:-
Type 
Power 
Resistance 
Voltage line 
Length 
Manufacturer 
Type 
Immersion Heater 
Electrical resistive 
5.5 kw 
an 
208 volts, 3~ Y connected 
0.762 m 
Chromalax 
Temperature Controller 
(Coupled with power switch) 
Maximum temperature 
handled 
Proportioning 
260°C 
9 
Sensor 
Manufacturer 
~odel 
Type J iron-constantan thermocouple 
Fenwall 
514 
ELECTRICAL RESISTIVITY REGULATING SYSTE1~ 
Different levels of electrical resistivity of water was 
supplied by a commercial deionizer made by Culligan Company. 
Water could vary up to a resistivity of 800 kn-cm at room temp-
erature. Water· from the mains was deionized through this device 
and charged into the pressure vessel. Due to the large capacity 
of the vessel and its stainless steel wall material, deterioration 
of 'resistivity of water {mainly resulted from ions being picked 
up from the vessel metal wall) was minimized. 
Resistivity level was monitored by a pre~calibrated labor-
atory conductivity cell with known cell constant (L/A term in the 
resistance equation R= ~L/A, where L was distance between elect-
rodes area which saw each other). The resistance was measured by 
an impedance bridge. The conductivity cell was connected to one 
of the access ports on the_test section via an on-off valve. 
Tb u.s...::·.--_. resistivity variation at high temperature test runs was 
tracked. 
TEST SECTION 
Details of test section -:-113 shown schematically in figure 2. 
All parts were made of stainless steel and machine finished 
except (a) the piston face was plate glass (b) film thickness 
10 
sensors (c) seal·O-ring was viton. 
Film thickness was adjusted by the glass piston with micro-
meter traverse. Due to its dielectric properties, the glass 
boundary served as an equivalent representative for a gaseous 
or vapor boundary above the liquid film. 
FILU Tl!ICKNESS SENSORS 
Two different con1·igurations of film thickness sensors 
(dubbed 6 probes) were constructed and are sh!ilwn.::i.~ J;igyre ;. One 
configuration utilized 'split-D' electrodes, insulated from a 
surrounding ground surface. The second configuration used two 
concentric electrodes, likewise insulated from the surrounding 
ground surface. All electrodes ·we:r:e gold plated, with stainless 
steel grounding and ceramic substrate insulation. The probes 
were recessed in the probe holder and mounted flushed with the 
surface of the flow channel. 
Both probes could be operated in either a capacitive or 
conduetive mode. The associated electronic circuits aeveloped 
for each mode of operation ~~ shown is figure 4 and figure 5. 
Special sheathed cables such as Belaen RG-62U and BNC connectors 
were used to shiela off noise and stray capacitance effects on 
probe signals. 
Range 
Accuracy 
Resolution 
Digital Capacitance Meter 
0.001-2000 pF in 4 ranges 
0.25% of reading 
0.001 pF 
11 
Test signal 
D.C. output 
Response time 
lJanufacturer 
Model 
15 mVat 1lffiZ 
Level 2 volts 
2 milliseconds 
Boonton Electronics Corp. 
72 BD 
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EXPERIMENTAL PROGRAM AND PROCEDURE 
Testing and calibration of the probes were carried out 
in the apparatus shown in figure 2. The following variables 
of the liquid film were investigated in the experimental program:-
Film thickness o 
Electrical resistivity ~ 
Temperature T 
Film flow rate ~ 
Table 1 lists the organization of data runs with various 
run conditions and pro·be configurations. 
The operating procedure was as follows:-
Spli t-D b Pro be 
Capacitance Method 
1. Zeroed in the capac:i tance of air on the capacitance 
bridge. 
2. The capacitance reading was taken between the split-D 
electrodes .6.C 1_2 :S c1_2 - CAIR (refer to figure 2 for 
subscript notation designated to different electrodes) 
3. Repeated steps 1 and 2 above for capacitance reaaing 
between electrode 1 and ground A C 1_G 
4. Repeated steps 1 and 2 above for capacitance reading 
between electrode 2 and ground AC 2_G 
5. All runs conditions covered range of 14 to 400 kn-cm 
13 
0 
and temperature of 22 - 170 C 
Conductance Method 
The circuit shown in figure 4 was impressed by a voltage 
of 1 volt at a frequency of 2 kilo cycle. As defined by this 
circuit diagram, the parameter G/G was the ratio of resist-
s 
. 
ance from electrode-to-ground and from electrode-to-electrode. 
Runs conditions covered range of resistivity from 24--
400 kO- em and temperature 24 - 170°C. 
Calibration Of" Cell Constant Forb Probes 
In order to keep track of the film temperature and 
electrical resistivity at high pressure test runs, calibra-
tion of cell constant for b probe geometry was necessary. 
Operating procedure was as follows:-
1. For a constant resistivity y and temperature T for 
each run. Probe resistance Rp vs. film thickness 
b curves were obtained. 
2. Varied resistivity~ with constant temperature T 
for the next.run, and obtained Rp vs. b curves 
again (repeated step 1). 
3. At an infinite thickness film (b = 1.31 em), 
measured Rp with varying film temperature T. 
Ring b Probe 
Capacitance Method 
Test were conducted for the following conditions:-
1. AC1_0 , which was the capacitance from inner electrode 
to outer ring electrode. 
14 
2. ACI-G' which was the capacitance from inner 
electrode to surrounding ground. 
3. ACO-G' which was the capac·itance from outer ring 
electrode to surrounding ground. 
4. A CI+O-G' Which was the capacitance from inner plus 
outer electrode connected together at same level of 
5. 
potential to surrounding ground. 
0 Runs conditions covered a temperature range of 25 C 
0 to 90 C and a electrical resistivity of 21 k.(} -·em to 
240 k!l- em. 
Conductance Method 
As defined by the circuit shown in figure 4, G/G was 
s 
the ratio of resistance from inner to outer ring electrode 
and outer ring electrode to ground. Runs conditions covered 
a temperature range of 28°C to 75°C and a resistivity of 
21 k!l- em to 270 k!'l- em. 
15 
Results And Discussion 
A. Calibrations 
Results of testing and calibration of the split-D 
probes are shown in figure 6 through 17, while those for ring 
~~robe are shovrn in figure 18 through 25. 
Spli t-D b Probe 
Figure 6 shows calibration curve of the split-D ~ probe 
operating in the conductive mode. The curve provides a 
sensitive indication of G/G up to a film thickness of 0.5 em. 
s 
Run condition covers a temperature range of 24°C to 170°C 
and a variation of electrical resistivity from 21 k!l - em 
to 400 kD- em. These data signify that for a given probe 
geometry, the calibration curve is essentially independent 
of water resistivity; at least up to a specific resistivity 
of approximately 400 kn - em. 
Some results are shown in figures 7 and 8, indicating 
the calibration obtained for the spli t-D ~ probe operating 
in the capacitive mode. Subscripts 1,2 and G denote different 
electrodes and ground as defined by figure 3. The output 
signal (AC) represents the capacitance change measured 
between electrodes or electrode and outer ground as the liquid 
film changed in thickness from 0 em to~. These signals were 
normalized with respect to the asymtotic ACM.Ii.X obtained for 
16 
infinite thickness film and are presented in figure 9, 10, 11 
and 12. As seen from the results in these figures, a highly 
reproducible calibration curve is obtained with good sensitivity 
in the range of film thickness (b) up to 0.4 em. This curve 
is independent of film resistivity of 14 k!l - .. em to 400 k n- em 
and film temperature of 22°C to 170°0. Significantly, since 
the operating range of water resistivity of the conductive 
mode ( up to 400 kfl - em ) overlaps with that of the capacitive 
mode approximately 14 kO- em or greater ), the operating 
range of this b p.robe and the associate electronics can cover 
all ranges of liquid resistivities. 
Figure 13 shows the calibration curve of a split-D ~ probe 
with a narrower gap dimension between electrodes ( 0.025 em as 
opposed to 0.040 em for the previous run). The curve shows a 
higher resolution than the 0.040 em gap probe but a more 
narrow applicable range ( up to a film thickness of 0.25 em ). 
Figure 14 shows the comparison between the two calibration curves 
generated by two different electrode gap dimension split-D b 
probes. 
Figure 15 shows the calibration data of probe resistances 
( Rp) versus variation of film thickness (o) at various water 
resistivity(~). Cross plotting this information into figure 
16 gives ( Rp ) versus ( ~ ) at various film thickness ( ~ ) • 
With these plots the film resistivity at any film thickness can 
17 
be obtained. Yet another calibration curve shows the ( Rp ) 
versus probe temperature ( Tp ) in figure 17. This curve 
permits the tracing of probe temperature at a given water 
resistivity (~)and film thickness. (o = 1.31 em) 
Ring b Probe 
Figure 18 shows calibration curve of the ring b probe 
operating in the conductive mode. The curve provides a -
sensitive indication of G/G up to a film thickness of 0.3 em. 
s 
These data cover a temperature range of 28°C to 75°C and a 
variation of electrical resistivity from 21 kn- em to 270 
k n- em. The result shows that the ring ·~ pro be is. inferior to 
split-D 0 probe but adequate for a side range of application. 
Figure 19, 20, 21 and 22 show some results indicating the 
calibration obtained for the ring b probe operating in the 
capacitive mode. Subscripts I,O and G denote different 
electrodes and ground as defined by figure 4. The output 
signal ACI-O in figure 19 does not increase in a monotonic 
fashion. This may be due to the weak signal produced by the 
2 
small electrodes area (inner electrode area = 0.2463 em , 
outer electrode area = 0.1115 cm2 , as opposed to split-D ~ 
probe electrodes area of 0.675 cm2). The small electrodes 
area allows the stray capacitance from test chamber barrel 
wall and piston face to dominate beyond a film thickness of 
0.064 em. 
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The output signal ACI-G in figure 20 scatters over the 
range of temperature. This may be due to the parasitic effect 
of the outer ring electrode ( 0 ). As seen from figure 4, 
this electrode is located between the inner ring and ground. 
Figure 23, 24 and 25 show the calibration curves norm-
alized with respect to asymtotic Ll.:CMAX obtained· for infinite 
thickness film. Figure 24 shows the ( AC/ACiTJAX )0::G indicat-
ing a sensitive capacitance reading up to 0.15 em of film 
thickness. These data cover a temperatare range of 25°C to 
80°C and a film resistivity range of 22 kn- em to 210 kn- em. 
B. Error Analysis 
Possible error in measured values of film thickness 
could be attributed to several sources:-
1. Accuracy of recording capacitance bridge:~ 0.25% 
2. Micrometer reading: ! 0.0025 em 
3. Clearance in fabrication of test section: ~ 0.00254 em 
Due to the normalization of the probe capacitance output (AC) 
with respect to maximum asymtotic capacitance change (ACI\TAX), 
it is hoped that the error will be reduced. 
Accuracy for the conductance measurement device is not 
available. Yet since the conductance signal G/G was also 
s 
normalized, it is also hoped that the error developed in G and 
Gs conductance measurement will be cancelled out. 
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The final calibration curves shown in figure 6 and 12 
were generated per procedure outlined in Experimental Procedure 
section. The degree of precision in using these two curves had 
been evaluated by measuring the spead of the data. The 
standard deviation are expressed as follows:-
A. Conductance 
For G/G signal, 
s 
Standard Deviation =W = + 0.01296 
For 6 film thickness, 
Standard Deviation =J <fl~b) 2 ' = ! 0.00800 em 
22 
B. Capacitance 
For .6:C./ACMAX signal, 
Standard Deviation :) 
For d film thickness 
(S-s) 2'=! o.o1403 
131 
Standar<i !leviation~ (J-:i) 2·= + 0.006799 om 
131 
,,..,- '·..., /.-
Data of the above two cali~ration curves are also presented 
in Appendix A. 
Thus, if same device and methodology as described in this 
thesis employed, a precision of film thickness measurement of 
~ 0.008 em can be obtained. 
c. Parametric Effects 
Various effects on probe signal can be summarized as 
20 
follows:-
Electrical Resistivity 
As expected, output signal in the conductive mode of 
operation increased with a decrease in film electrical 
resistivity. Yet the signal was independent of resistivity 
up. to-:-a.·-:rtlm ~thickness of 0.5 em. 
As for the capacitive mode of operation, the output signal 
increased with an increase in film electrical resistivity. 
Temperature 
An increase in temperature gave rise to a decrease in 
film resistivity. Henceforth the output signal for the 
conductive mode of operation increased with increase in temp-
erature. Unlike the conductive mode, the signal for the 
capacitive mode of operation decreased with film temperature 
rise. 
Flow Rate 
The probe output signal was found to be sensitive only 
to the thickness of the :rilm •. ~ •. : • With a constant thickness 
film, the probe signal did not change with film flow rate. A 
typical set of data revealing this is presented in table 2. 
In addition, it was found that the f'ilm flow direction over 
the probe did not alter the probe signal. 
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Electrostatic And Magnetic Fields 
Tests had been conducted to detect stray electrostatic 
and magnetic fields effect on probe capacitanc;e sign.al. 
Results showed the signal did not change &~&nificantly with 
a "hot" (operating) cable supplying a 1500 watts heater 
p~aced as close as 0.3 em (1/8.inch) to the probe. Data in 
Table 3 illustrated this fact. 
Waviness In Unbounded Film 
The probe with very small surface area ( 0.6 cm2) used in 
conjuction with very sensitive capacitance bridge produced 
results in very small capacitance changes ( 0.001 pF). This 
ensures a good resolution to wavy film. Figures 26 and 27 
show film thickness time histories for ~o different test runs 
with unbounded film flows. The trace in figure 26 shows an 
up.flowing film with air flowing down at the boundary. Figure 
27 shows a down flowing film with up flow air. Both flows 
in figures 26 and 27 had the same steady state flow rate. 
Results show the time averaged film thickness reading to be 
very close; 0.0229 em versus 0.0230 em for the upper sensor 
and 0.0185 em versus 0.0194 em for the lower probe. In 
addition, the probe was also capable of time varying measure-
ment as illustrated in figure 28. It recorded the film thick-
ness time history of an intermittent flow. Spikes show film 
thickness when the flow was over the probe surface while 
reading close to zero reveals probe exposed to air. 
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D. Opitimization Of Probe Geometry 
It was found that probe geometry can be optimized by 
three parameters:- the probe electrodes surface area, the 
dimension of the gap between electrodes, and the electrodes 
configuration. 
The probe electrodes surface area can aff.e.ci. the range of 
thickness film to be measured. The larger the area, the 
thicker film the probe can handle. Varying the dimension of 
the gap between electrodes permits adjustment of the signal 
sensitivity for.?. .se.:t.~cteQ._rl:!-~g~ __ Qf_ fil'!lL~hig)fness. 
It was found that the best configuration of probe 
geometry was a pair of well defined e1ectrodes. Each electrode 
should not be surrounded by the other electrode. This will 
not only provide a well defined signal, but also minimize any 
magnetic field interference. 
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CONCLUSION 
A method utilizing an electrical impedance probe has been 
successfully developed to measure liquid film thickness in two-
phase flow. This method was shown to be capable of eliminating 
drawbapks of earlier techniques. 
In particular, the method could measure time-varying wavy 
film thickness ( 0.8 mm up to 0.5 em ). The probe could function 
in a fluid of practically all range of electrical conductivity and 
0 
a temperature up to 170 C. 
The method did not require any additives that would interferewith 
the hydrodynamics of the film. The optimized small probe area 
provided high sensi ti vi ty for very thin film :and minimized·· 
parasitic effect of close by material. The optimized simple probe 
configuration permited the probe to be used in complex geometry or 
area without easy access. Most significantly, this new concept of 
utilizing the dual measurements of capacitive and conductive mode 
simultaneously allowed the calibration to be cross checked and 
eliminated ambiguity. Therefore, this method when in use, provided 
a much higher reliability and dependability. 
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Table 1 Organization of Data Runs 
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Mode Film Flow Rate Pro be Signal 
( x 10-5 m3/h) (pF) 
. 
4.245 7.57 
4.811 7.59 
AC1-2 5.377 7.70 5.660 7.75 
5.943 7.80 
6.792 7.85 
7.641 7.87 
b.o 16.69 
AC1-G 3.113 
16.82 
4.245 16.85 
5.377 16.89 
6.226 16.92 
4. 24f) 17.78 
AC2-G 
5.660 17.79 
6.226 17.79 
6.509 17.80 
Table 2 Test of Film Flow Rate Effect on Probe Signal 
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Substance Substance Probe(1) signal Probe( 2) signal 
used distance (pF) (pF) 
from probe 
substance substance substance substm··ce 
horizontal vertical horizonta .. vertical 
to probe to probe to probe tcv.probe 
-
Human 0.3175 0.310 0.310 0.269 0.269 
finger 1.270 0.359 0.359 0.302 0.302 
2.540 0.373 0.373 0.317 0.317 
1500watt 
heater 0.3175 0.324 0.310 0.276 0.276 
wire w/o 1.270 0.366 0.366 0.312 0.314 
current 2.540 0.374 0.376 0.320 0.320 
(no film 
flow on 
probe) 
1500watt 
heater 0.3175 0.320 0.309 0.274 0.264 
wire with 1.270 0.364 0.362 0.313 0.310 
current 2.540 0.383 0.380 0.320 0.321 
(no film 
flow on 
probe) 
1500watt 
heater 0.3175 1.30 1.30 1.320 1.200 wire vr/o 
current 1.270 1.36 1.37 1.410 1. 350 
(film flow 2.540 1.44 1.44 1.450 1.420 
on probe) 
1500watt 
heater 
wire with 1.290 1.28 1.28 1.320 1.290 
current 1.360 1.34 1.34- 1.410 1. 360 (film flow 1.420 1.40 1.40 1 .480 1.480 
on probe) 
Table 3 Test of AC field effect on probe signal 
?1: 
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APPENDIX A 
·DA'-rA ROR .FINAL CALIBRATION 'CURVES SHOwN' IN FI-GURES 6 AND 
12. 
A. Conductance Measurement (Figure 6) 
Data 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
Data Point 
( G/G8 , h ) 
(0.081, 0.020) 
(0.165, 0.030) 
(0.178, 0.035) 
(0.180, 0.030) 
(0.290, 0.040) 
(0.300, 0.040) 
(0.4143, 0.055) 
{0.425, 0.053) 
(0.425, 0.057) . 
(0.5343, 0.090) 
(0.5571, 0.094) 
(0.580, 0.092) 
(0.7286, 0.160) 
{0.7360, 0.150) 
(0.8429, 0.228) 
(0.850, 0.225) 
(0.8714, 0.220) 
(1.014, 0.315) 
(1.015, 0.310) 
(1.028, 0.324) 
(1.100, 0.415) 
(1.115, 0.410) 
(1.157, 0.440) 
B. Capacitance Measurement (Figure 12) 
Data Data Point 
No. (.AC/A.Cmax, ) 
1 (0.219, 0.003) 
2 (0.257, 0.0038) 
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Avera'e Va.!,.ue 
( G G8 , 6 ) 
(0.081, 0.020) 
(0.180, 0.029) 
(0.178, 0.034) 
(0.180, 0.030) 
(0.290, 0.040) 
(0.290, 0.041) 
(0.4143, 0.055) 
{ 0.41 00,. 0.052) 
(0.430, 0.056) 
(0.5343, 0.091) 
(0.5571, 0.092) 
(0.550, 0.093) 
(0.734, 0.155) 
(0.736, 0.150) 
(0.877, 0.200) 
(0.850, 0.225) 
(0.8471, 0.230) 
(1.028, 0.305) 
(1.015, 0.310) 
(1.028, 0.324) 
(1.12t, 0.398) 
(1.118, 0.400) 
(1.154, 0.441) 
Average Value 
(.AC/ACmax' ) 
(0.219, 0.003) 
(0.257, 0.0038) 
Data Data Point Average Value 
No. (AC/ACmax•6) (AC/ACmax,b) 
3 (0.265, 0.004) (0.265, 0.004) 
4 (0.275, 0.005) (0.275, 0.005) 
5 ( 0.290, 0.006) (0.290, 0.006) 
6 (0.305, 0.007) (0.316, 0.007) 
7 (0.316, 0.007) (0.316, 0.007) 
. 8 (0.328, 0.008) (0.332, 0.007) 
9 (0.340, o.oo8) (0.332, 0.009) 
10 (0.370, 0.009) (0.370, 0.009) 
11 ( o. 378, 0.010) (0.380, 0.010) 
12 (0.385, 0.011) ( o. 385, 0.011) 
13 ( 0.400, 0.010) (0.380, 0.009) 
14 ( 0.401, 0.010) (0.380, 0.009) 
15 (0.420, 0.016) (0.423, 0.015) 
16 (0.421, 0.010) { 0.385, 0.015) 
17 {0.439, 0.019) (0.445, 0.019) 
18 (0.440, 0.011) ( 0.385, o.ot9) 
19 (0.458, 0.020) (0.465, 0.020) 
20 ( 0 .460, 0.018) (0.450, o.o~o) 
21 (0.488, 0.022) (0.485, 0.022) 
22 (0.500, 0.022) (0.485, 0.022) 
23 (0.503, 0.023) (0.505, 0.023) 
24 (0.520, 0.029) (0.538, 0.025) 
25 (0.520, 0.025) (0.520, 0.025) 
26 (0.525, 0.025) (0.520, 0.025) 
27 (0. 535, 0.027) (0.530, 0.028) 
28 (0.538, 0.029) (0.538, 0.029) 
29 (0.545, 0.030) (0.545, 0.030) 
30 (0.555, 0.030) (0.545, 0.030) 
31 (0.575, 0.030) {0.545, 0.030) 
32 (0.583, 0.032) (0.580, 0.032) 
33 (0.588, 0.035) (0.595, 0.034) 
34 (0.596, 0.035) ( 0 .600, 0.035) 
35 (0.609, 0.043) (0.630, 0.039) 
36 (0.610, 0.039) (0.610, 0.039) 
37 (0.623, 0.038) (0.608, 0.040) 
38 (0.635, 0.050) ( 0.670, 0.042) 
39 (0.635, 0.039) (0.610, 0.042) 
40 (0.645, 0.049) {0.665, 0.044) 
41 {0.655, 0.045) (0.650, 0.045) 
42 {0.670, 0.050) { 0.670, 0.050) 
43 (0.680, 0.065) {0.725, 0.060) 
44 {0.680, 0.053) (0.680, 0.060) 
45 (0.685, 0.055) ( 0.685, 0.060) 
46 (0.695, 0.060) {0.700, 0.060) 
47 (0.709, 0.061) (0.710, 0.061) 
48 (0.725, 0.060) (0.700, 0.062) 
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Data Data Point Average Value 
No. (AC /ACmax• O·) (AC/4Cmax• ~) 
49 (0.7:50, 0.074) (0.740, 0.063) 
50 (0. 735, 0.061) (0.710, 0.062) 
51 (0.740, 0.075) (0.750, 0.070) 
52 (0.745, 0.084) (0.775, 0.070) 
53 (0.745, 0.068) (0.730, 0.070) 
.54 (0.750, 0.075) (0.750, 0.075) 
55 (0.760, 0.085) (0.778, 0.078) 
56 ( o. 775, 0.088) ( o. 780, 0.080) 
57 (0.785, 0.093) ( 0.803, 0.085) 
58 (0.783, 0.075) (0.755, 0.085) 
59 (0.794, 0.080) (0.775, 0.085) 
60 (0.798, 0.091) (0.807, 0.090) 
61 (0.801, 0.097) (0.801, 0.093) 62 (0.810, 0.115) (0.833, 0.115) 
63 (0.815, 0.100) (0.810, 0.100) 
64 (0.820, 0.120) (0.840, 0.115) 
65 (0.825, o.to4) (0.825, 0.1 04) 66 (0.834, 0.135) (0.860, 0.115) 67 (0.840, 0.116) (0.838, 0.116) 68 (0.843, 0.140) (0.865, 0.130) 
69 (0.845, 0.110) (0.830, '0.125) 
70 (0.845, 0.120) (0.840, 0.120) 
71 (0.850, 0.135) (0.860, 0.135) 
72 (0.863, 0.120) (0.840, 0.130) 
73 (0.865, 0 .138) (0.863, O.i38) 
74 (0.875, 0.155) (0.885, 0.140) 
75 (0.875, 0.134) ( 0.858, 0.140) 
76 (0.879, 0.141) (0.870, 0.141) 
77 ( 0.880, 0.167) (0.895, 0.155) 
78 (0.884, 0.164) (0.890, 0.160) 
79 (0.890, 0.160) (0.887, 0.160) 
80 (0.895, 0.180) (0.903, 0.170) 
81 (0.895, 0.160) (0.908, 0.170) 
82 (0.896, 0.168) (0.897, 0.168) 
83 (0.900, 0.181) (0.904, 0.175) 
84 (0.902, 0.164} (0.890, 0.170) 
85 ( o. 905, 0.195) (0.915, 0.195) 
86 (0.905, 0.200) (0.892, 0.195) 
87 (0.915, 0.180) (0.903, 0.180) 
88 (0.923, 0.165) (0.892, 0.180) 
89 (0.925, 0.173) (0.900, 0.173) 
90 (0.925, 0.200) (0.925, 0.198) 
91 (0.928, 0.189) (0.912, 0.189) 
92 (0.925, 0.217) (0.930, 0.200) 
93 (0.935, 0.218) (0.935, 0.218) 
94 (0.935, 0.220) (0.938, 0.220) 
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Data 
No. 
95 
96 
97 
98 
99 
1.00 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
t32 
133 
Data Point 
(t:.C /L:.Cmax' ~) 
(0.940, 0.203) 
(0.940, 0.215) 
(0.940, 0.250) 
(0.948, 0.218) 
(0.948, 0.238) 
(0.950,· 0.247} 
(0.957, 0.216) 
(0.959, 0.247} 
(0.964, 0.265) 
(0.966, 0.269) 
(0.960, 0.276} 
{0.960, 0.285) 
(0.959, 0.287) 
(0.970, 0.300) 
(0.980, 0.300) 
(0.975, 0.31.8) 
(0.975, 0.331} 
{0.970, 0.331) 
(0.980, 0.363) 
(0.975, 0.372) 
(0.970, 0.370) 
(0.985, 0.378) 
(0.980, 0.410) 
(0.980, 0.410) 
(0.990, 0.415) 
{0.985, 0.426) 
(0.987, 0.435) 
(0.980, 0.450} 
(0.987, 0.460) 
(0.989, 0.525) 
(0.988, 0.550) 
(0.995, 0.560) 
(0.990, 0.570} 
(0.990, 0.598) 
(0.990, 0.602) 
(0.993, 0.962} 
(0.993, 0.962) 
(0.993, 0.962} 
(0.978, 0.245) 
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Ave/.age Value 
(t:.C ACrnax, S) 
(0.924, 0.210} 
(0.928, 0.215} 
(0.950, 0.230) 
(0.935, 0.220) 
(0.943, 0.238) 
(0.948, 0.247) 
(0.929, 0.235) 
(0.948, 0.247) 
(0.963, 0.265) 
{0.964, 0.269) 
(0.966, 0.276) 
(0.967, 0.285) 
(0.967, 0.287) 
(0.970, 0.300) 
(0.970, 0.340) 
{0.975, 0.318) 
(0.975, 0.331) 
(0.975, 0.328) 
(0.980, 0.363) 
(0.980, 0.360) 
(0.978, . 0.370) 
(0.981, 0.378) 
(0.982, 0.410) 
(0.982, 0.410) 
{0.985, 0.415) 
(0.985, 0.426) 
(0.987, 0.435) 
(0.987, 0.430) 
(0.987, 0.460) 
(0.989, 0.525) 
(0.989, 0.550) 
(0.990, 0.560) 
(0.990, 0.990) 
(0.990, 0.990) 
(0.990, :0~990) 
(0.99~, 0.993) 
(0.993, 0.993) 
{0.993, 0.993) 
(0.945, 0.360} 
APPENDIX B 
ESTIMATION OF n~SION HEATER SIZE [27] 
Pressure vessel was assumed as 3/5 filled with water. 
Volume of water= (3.1416 r 2 h) x 3/5 
2 
= 3.1416 x(0.508/2) X 1.016 X 3/5 
Mass of water 
= 0.124 m) 
= density x volume 
= 890 X 0.124 
= 109.96 kg 
When system was at rest, 
heat 
immersion 
heater 
heat 
to raise mass 
to desired temp. 
+ heat1 t oss 0 
atmosphere 
~ass ·+ 
Amount of heat required to heat up mass of water to desired 
temperature, 
= mass x specific heat x temp. 
= 1:09.96 X 4.1.869 X (170- 60) 
= 50643 kjoule 
Amount of heat loss through vessel wall to atmosphere, 
assuming the vessel as a hollow cylinder, 
= 
T - T system atmosphere 
t 
h t A. 
+ ln(rOuter/rinner) 
2 kwall 1vessel 
+ h A 
sys outer a m J.nner 
sur1'ace 
where 
Tsystem -Tatmosphere = 170- 60 = 110 °c 
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Area. J.nner ~ Area t = ( 2 'i1'r h + 2 ri r 2) x 3/5 ou er 
surface surface 2 
= 1:.21161 m 
hatmosphere = 25 watt/m
2
-
0 c ±"ree convection air film coefficient 
h = 15,000 watt/m2-°C free convection water film coeff. 
system 
k wall = 48 watt/m-0 0 stainless steel conductivity(200°C) 
vessel 
rinner 
router 
1
vessel 
Thus, 
= 0.247 m vessel inside radius 
= 0.254 m vessel outside radius 
= 1.016 m length of vess·el 
qout = 3330 watt = 11988 kjoule/hour 
and total heat loss in 5 hours 
qloss = 50643 kjoule + 5 x 11988 kjoule 
= 110578 kjoule 
A 5.5 kwatt heater produced 19800 kjoule/hour. So in approx. 
5.5 hours, the water loop could be heated up to desired 
temperature. 
Thus the immersion heater_was adequate. 
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APPENDIX C 
ESTIMATION OF PRESSURE DROP IN TEST LOOP [26] 
Fluid Pressure Drop:-
ht = Ktotal V2/2g (Darcy-Weisbach Formula) 
where 
~ = loss of static pressure head due to friction 
flow 
Ktotal = total resistance coefficient for fluid 
velocity loss head 
V = fluid velocity 
g = gravitational acceleration 
Also, Ktotal = fL/D + Klocal 
where 
f = frictional factor 
1 = pipe length 
D = pipe diameter 
Evaluation of fL/D 
Rated flow= 1.8927 x 10~4 m34s 
Rated velocity= 1.8927 x 10- m3/s. 2 (0.00953/2)**2 x 3.1416 m 
=2.6562 m/s. 
Reynolds Humber 
Re = <rvn) 1 ./"' 
= (1000 kglm3)(2.6562 m/s.)(0.00953 m) 
_64.6637 x 10-
6kg/m-s 
= 5.4278x10 
Hence flow is turbulent, and friction factor 
f = 0.030 
fL/D = 0.030 x 4.572 m/0.00953 m = 14.4 
Evaluation of K1 1 oca 
Klocal = Kvalves + Kturbine + Ktest + Kbends 
meter section elbows 
+ Krun + Kexit 
tee 
67 
K K + K valves = throttle shutoff 
= 50 f + 8 f = 1.74 
Kt b" = K dd ur J.ne su en 
meter enlargement 
+ K sudden 
contraction 
= 0.75 + 0.4 = 1.15 
K test 
section 
=Kt b" =1.15 ur J.ne 
meter 
, where dia. ra:tio=0~375 
K = 11 X 15.5 f = 5.115 bends 
elbows 
K 
run 
tee 
K ·t exJ. 
Thus 
= 20 f = 0.6 
= 1.0 assume sharp edges 
Klocal = 10.755 
= fL/D + K local = 14.4 + 10.755 = 25.155. 
2 
= Ktotal x ~ / 22g 
= 25.\55 X 2.b5&2 I 2 X 9.815 
= 9.0412 m of water 
Total dynamic head of pump 
= 13.716 m of water 
Thus the pump supply pressure was adequate. 
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APPENDIX D 
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